Abstract: The surf zone presents a difficult environment for remote detection of naval mines and military ordnance, which become buried in the sediment as a result of tidal action, currents and other causes. We have investigated this problem in the course of several thesis projects done at the Naval Postgraduate School in Monterey CA. Experiments were conducted on the Del Monte Beach on Monterey Bay, utilizing seismic interface waves of the Rayleigh type. Experimental and analytical research on Rayleigh wave sources, interface wave propagation, reflection from buried targets, and echo and signal processing was addressed. The Del Monte Beach site is composed of sand sediments with a mean grain size of 0.2 mm, a horizontal slope of 1:40, with mean tides of 2 meters. Several types of seismic sources were utilized, of both impact and electromagnetic shaker types, which were made to emit toneburst signals to realize pulseecho sonar operation. Receivers consisted of moving coil geophones as well as tri-axial seismometers, and seismometer arrays, all buried in the sediments. Rayleigh wave propagation was measured out to ranges of 130 ft. (40m) and hodograms, Hankel wave plots and range stacked seismograms computed from the transmitted signals' vertical and horizontal components confirmed the vector wave nature of propagation in elliptical orbits, associated with this type of wave. Both single sources and source arrays were utilized, as were both single geophones and arrays of geophone receivers. It was shown that both propagating and target-reflected Rayleigh waves possessed sufficient spatial coherence to enable formation of seismic sonar beams, thereby reducing reverberation and backscattering from inhomogeneties. Buried targets used in the experiments included a 1,000 lb. Mk 63 naval mine shape, a Mk. 19 anti-tank mine shape, as well as a powder keg and a steel cylinder, both of which could be loaded with lead bricks to study mass loading effects. Signal processing methods included coherent receiver array beamforming, in some cases -coherent subtraction (echo data with target minus that without target), and vector polarization filtering, whereby the complex power of the echo is computed from the vector product of the Hilbert transform of the radial and vertical signal components. The measured complex-power target strengths of the various reflector targets are reported, as are the measured spreading and attenuation loss factors, as well as the performance of the seismic sonar beamforming and signal processing methods. A discussion is given on experience gained with studies of shaker source design, coupling of the sources and receivers to the sediment, the expected ranges for practical parameters of both the environment, the expected targets, false targets, backscattering, as well as the difficulties and the successes of beamforming and signal processing, particularly vector polarization filtering.
I. INTRODUCTION
This paper is a brief summary of four M.S. Theses [1] [2] [3] , done at the U.S. Naval Postgraduate School, Department of Physics on the development of the concept of seismic sonar for applications in the surf zone. This research was supervised by the two senior authors, and conducted by the remaining authors, in a sequential effort, of both a theoretical and experimental nature. The work began with a basic investigation of transduction and propagation of seismic interface waves in the sediments and continued with the discovery of improved sources, studies of propagation and reflection of echoes from buried targets, as well as seismic source arrays, signal processing and the development of seismic sonar science and technology. Theoretical formulations of the problem were done with classical physical acoustics methods and laboratory computational software. Most of the experiments were done at Del Monte Beach site shown in Fig. 1 , which is in downtown Monterey, CA, and is composed of sand sediments, with a mean grain size of 0.2 mm, a horizontal slope of 1:40, with mean tides of 2 meters. Mobile, off-road vehicles were developed to deploy the experimental apparatus.
II. BASIC CONCEPTS
There are two types of body waves -compressional or Pwaves and shear or S-waves. Surface waves result from the physics of interface wave at the boundary between solid and fluid media. The theory is not amenable for treatment in this short communication, but involves both the compressional and shear bulk moduli. A simplified conceptual result is shown in Fig. [2] , and for the case of air as the fluid, the waves of interest for the problem at hand are Rayleigh waves. They propagate in both media at around 0.9 of the velocity of shear waves in the solid, and are vector waves, since they have both vertical and horizontal components. Generally, the particle motion is in elliptical orbits, and their amplitudes decay with depth into the solid, which is here a sandy sediment. The propagation velocity and attenuation of Rayleigh waves in beach sand is on the order of 100 m/sec and 1 dB/m, respectively, and we chose to work at frequencies in the neighborhood of 100 Hz.
Rayleigh waves also reflect from inclusions, primarily in the solid medium. When this happens, a new inventory of wave types are created, some of which are themselves, Rayleigh waves. These echoes can have a signature imparted to them by the reflecting inclusion. The purpose of our Seismic Sonar Concept was to detect these reflected Rayleigh waves and to determine their position in the horizontal plane. 
III. SOURCE DEVELOPMENT
A number of devices were developed to excite Rayleigh waves, the first of which is shown in Fig. 3 [1] . It utilized a pair of moving-magnet force shakers manufactured by Aura Systems Corp. [4] for pop band drummers, etc. These devices can deliver a 44.5 N (10 lb.) force, when their electromagnetic field coils are driven with 25 Watts of electrical power, at low audio frequencies. They were mounted at 45 deg. angles in the vertical plane and driven to impart a "rocking motion" to the ground, similar to the oscillating orbit of a Rayleigh wave.
A more powerful device was developed [2] from a linear actuator, developed by Aura. These are also electromagnetic coil-driven, moving magnet devices, but lave a longer throw and deliver up to 111 N (25 lb.) of force. The moving shaft was connected to a metal footing, as shown in Fig. 4 . The footing plate acted as a coupler to the sediment was then buried in one or more configurations such as sketched in Fig. 5 . There, it is shown that both horizontal and vertical excitations were possible, and can be effected, separately or together.
A third device was developed for use with arrays of buried shakers [3] , and utilizes the Aura shaker in a push-pull "paddle" arrangement as shown in Fig. 6 . Here, one shaker is made to vibrate 180 deg. out-of-phase with the other, to effect a vertical motion to the large wooden paddles, which are buried in the sediment. These transducers have the advantage of low cost and efficient sediment coupling and they can be used in large numbers. It was found that vertical-only excitation is adequate for Rayleigh wave generation. Finally, a unique type of source was found to be most convenient in exciting Rayleigh waves during propagation measurements. This was the simple bowling ball, equipped with a geophone, epoxied into a thumb hole, for use as a trigger. The bowling ball, so instrumented, was dropped from arm level onto the beach sediment, and many wave types were generated, including Rayleigh waves. This source was quite useful, as it provided a very repeatable Rayleigh wave signals at high amplitudes.
IV. RECEIVER DEVELOPMENT
Moving coil geophones are well utilized in the seismic industry for signal reception on solid media, and were found to be quite adequate here. It was necessary to simultaneously measure all three components of the waves excited by the sources above, in order to ascertain what type of waves were being measured. This can be done with a three axis seismometer, as shown in Fig. 7 , before it has been waterproofed. A vertically stacked version is also shown, after potting in a urethane resin. 
V. PROPAGATION MEASUREMENTS
A number of measurements on the signatures of the various sources were made to evaluate the sources and to study the nature of Rayleigh waves and how they propagate in the sandy beach environment. It was necessary to measure both their vertical and horizontal components and to display the results in an interpretable fashion. An example of a Rayleigh wave toneburst [2] generated by the device in Fig.3 , which is some 200 msec long and centered at 250 Hz is shown as it arrives at a seismometer in the sediment at 18.3 m, in Fig. 8 . The relationship of phase between the horizontal and vertical components is important in identifying Rayleigh waves and this can be examined in a Hankel plot of the data of Fig. 8 , as is shown in Fig. 9 . Here, the vertical and horizontal components of the particle velocities are plotted vs time. The elliptical orbits of the Rayleigh wave pulse are evident. Since the Rayleigh wave is ducted along the interface in propagation, its spreading loss is cylindrical, but attenuation causes losses as is shown by the propagation curve of Fig. 10 , which was done at a frequency of 70 Hz with the source of Fig.  4 , [2] . This attenuation loss is attributed to absorption and scattering and generally increases with frequency. The overall loss is therefore 3 dB per range doubling, plus a correction for attenuation, which can be established by measurement, for different environments.
VI. ECHO RANGING AND SIGNAL PROCESSING
At this point it is important to recognize that the efforts described here were an early beginning on the road to seismic sonar. Throughout the experiments, it was found that incoherent backscattering with the beach sediment was high, and that means had to be taken to reduce reverberation, in order to conduct research. One of these methods is called "coherent subtraction", where the reverberation level is recorded before target deployment and then coherently subtracted from the subsequent data taken after target emplacement. Although this method could never be used in any practical sonar situation, it was found useful for research purposes. It was further necessary to do signal processing on the target echoes, so they could be measured and studied. Since the Rayleigh wave is a vector entity, it was possible to capitalize this fact to increase signal to reverberation. A method called Vector Polarization Filtering [5] was successfully utilized. Here, the signal is processed by processing the measured data for the complex power, PHV, which in vector notation is
where VH (t,x) and VV (t,x) are the Hilbert Transforms of the horizontal and vertical components of the received signals, and the asterisk * denotes the complex conjugate. The imaginary component of the complex power is the desired result. (The real component represents scalar waves (noise) -not Rayleigh waves.) Processing for the imaginary component then yields the Rayleigh wave constituent of the target echo power.
VII. REFLECTIONS FROM TARGETS
Two test targets were initially examined [2] at a range of 3.5 m: a powder keg and a compressed gas bottle, both mass loaded with lead bricks, with results shown Figs. 11 and 12. These targets were insonified with transient pulses, two cycles in duration at 70 Hz. It can be seen that the reflectivity of both targets increases with mass introduced to their interiors, although the powder keg seems to maximize at 196 kg. (432 lbs.). This could possibly be due to the less rigid nature of the thin aluminum keg, compared to the thick steel of the compressed gas bottle. Both show around 20 dB signal to reverberation ratios, for reverberation in the quiescent regions. There appears to be some extraneous signals present in both datasets, but it should be remembered that the wavelength is long (> 1 m) and the length of the excitation signal is even longer. The reflected signals may be nearly omnidirectional. There is probably ample interaction with the beach sediment sub-structure, layers, etc. The achievement of echo ranging with Rayleigh waves on these targets is nonetheless encouraging.
VIII. ARRAYS OF SHAKER SOURCES
It was decided to experiment with arrays of source and receiver elements and the issue of cost and efficiency arose. The push-pull "paddle" type source of Fig. 6 was utilized and several fundamental experiments were performed [3] . A prerequisite for beamforming is to know the coherence limits imposed by the medium -here a natural sand beach.
An experiment was first designed to determine the azimuthal coherence of Rayleigh wave propagating from a single source on the beach. A multi-element, seismometer receiver array was laid-out on a circle surrounding the source, to measure the spatial coherence as function of azimuthal angle, at a frequency of 100 Hz at ranges out to 9 m. Standard statistical procedures for computing the coherence from spatial measurements were utilized. It was found that the angular spatial coherence decreased somewhat with range, but was quite good out to 9 m, being about 0.7 at that range, element to element, over the entire azimuth [3] .
A source array of seven "paddle" shakers was then deployed on a line, as shown in Fig. 13 , each shaker separated by 36.5 cm, which was a half wavelength at 100 Hz for the prevailing velocity of a Rayleigh wave at the pertinent location. Each transmitting shaker element was buried to a depth in the beach of approximately 15 cm (6 in.), while the seismometer receivers generally sat upon the beach surface. Beam pattern measurements were made on the transmitting array, and found to be 7.6 deg., between the half-power points. Side-lobe suppression was asymmetric, at 5 to 10 degrees. It is not known why the suppression behaved in this manner. 
IX. TARGET DETECTION WITH THE SEISMIC ARRAYS
Two configurations were examined with the transmit and receive arrays -a monostatic and a bistatic configuration, whereby the receivers were physically removed from the transmit array, as shown in Fig. 14 . This enabled the reduction of "direct blast" problems in the receiver. Two mine-shape targets were used: a Mk -63 and a Mk -19. (Here, "shape' just means that the targets were not real mines but had approximately the same general exterior shape, etc.) The arrays remained in place, while the targets were changed out, during the conduct of tests. The transmission was a 1 cycle pulse, centered at 100 Hz, while the receiver signals were bandpass filtered from 30 to 300 Hz. The procedure was to record a segment of reverberation-only data, then deploy a target, and repeat the process, so as to enable coherent subtraction signal processing. All of the array elements used "in parallel" for single beam operation. Vector signal processing was also utilized in the measurements.
The large Mk -63 shape, which weighed 481 kg (1,061 lbs.), was quite a strong target, whose echo was visible without coherent subtraction. The additional processing just enhanced the echo to reverberation ratio, as is shown in Fig. 15 such that once the effects of the direct blast are removed; the echo to reverberation ratio is enormous -well in excess of +20 dB. The signal to reverberation of the Mk -63 mine shape was sufficient to do further processing, specifically to perform a spectral analysis of the vector polarized output. The results are shown in Fig. 16 . Some interesting features can be seen in the spectrogram, at the time of arrival of the target echo. First, there is strong content around the fundamental transmit frequency of 100 Hz, as expected. There are also noticeable higher harmonic components at unusual multiples of the fundamental frequency. One can only speculate as to the origin of these harmonics: they could be due to resonances in the man-made structure of the target, or they could be resonances arising from the location of the target in the environment. In either case, they are due to which has insufficient source level to produce nonlinear harmonics in the medium. This effect deserves further study. Similar data on the Mk -19 mine shape are shown in Fig. 17 .
Here, the peak of the output for the target echo after vector signal processing was strong but was negative, which indicates that the particle velocities were in retrograde (counter clockwise) orbital motion. The Mk -19 was considerably smaller -33 cm on an edge, about 13 cm (6 in.) and weighed 9.1 kg (20 lbs.). As a consequence it was buried much nearer to the beach sand surface. The goal has been to objectively examine the potential of this method. A fourth thesis in this area was not covered [5] .
The work presented here was necessary to enable serious consideration of the basic seismic sonar concept. Much remains to be done in many problem areas, before the ultimate feasibility can be confirmed, or disproven. Further research on seismic sonar could continue in this vein, but it might also consider other nonlinear acoustic effects, both in propagation and in interaction with the target. Each method has its own advantages and disadvantages. One such comparison has been made for the case of two acoustic approaches [6] .
